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Abstract
Thermal stability of retained austenite in 1C-1.5Cr steels with two Si and Mn contents
is studied. Time-resolved high resolution synchrotron X-ray radiation and dilatometry are
employed. The threshold transformation temperatures, decomposition kinetics, associated
transformation strain, as well as the inﬂuence of Si and Mn were investigated. The coef-
ﬁcients of linear thermal expansion for both the bulk materials and individual phases are
also obtained. The results indicate that an increase in the Mn and Si contents show little
inﬂuence on the onset of retained austenite decomposition, but result in more thermally
stable austenite. The decomposition is accompanied by a simultaneous increase in ferrite
content which causes an expansive strain in the order of 10−4, and subsequent cementite
development from 300–350 ◦C which causes a contraction that helps to neutralise the expan-
sive strain. During decomposition, a continuous increase in the carbon content of austenite,
and a reduction in that of the tempered-martensite/ferrite phase was observed. This process
continued at elevated temperatures until full decomposition was reached, which could take
less than an hour at a heating rate of 0.05 ◦C/s. Additionally, the observation of austenite
peak splitting on samples with high Mn and Si contents suggests the existence of austenite
of diﬀerent stabilities in such matrix.
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bearing steels
1. Introduction
Precise control of steel properties relies on its microstructural stability. The presence
of austenite, however, causes uncertainty. Being thermodynamically metastable, austenite
retained at room temperature could decompose via either thermally- or mechanically-induced
phase transformations. Such metastability has played a key role in controlling the strength
and toughness in hypoeutectoid steels with carbon content less than 0.6 wt.%, for instance
ausformed steels [1, 2, 3, 4] and TRIP-assisted steels [4, 5, 6], whilst less has been explored
on hypereutectoid steels.
Hypereutectoid steels are extensively used for applications which require very high
strength. Those with a base composition of 1C-1.5Cr (wt.%) are the prevalent material
for bearing applications in a variety of rotating machinery such as gearboxes and aircraft
engines. These materials are subjected to multi-step heat treatments, typically consisting
of austenitisation, quenching and tempering, to obtain a martensite structure for desired
hardness. Due to the high carbon content which depresses the martensite start tempera-
ture, alloys of this kind contain typically 5–10 wt.% retained austenite after heat treatment.
Much attention has been devoted to retained austenite stability, as its decomposition may
on the one hand be detrimental to bearing dimensional stability [7, 8, 9, 10], but on the
other hand enhance bearing rolling contact fatigue life under various test conditions, e.g.
contact pressures up to 3 GPa, stress cycles reaching 107 and in debris contaminated lu-
bricant [11, 12, 13]. In addition, stable retained austenite has shown a beneﬁcial eﬀect on
bearing performance under contaminated lubrication operation [14].
During rolling contact, the cyclic rolling of elements unavoidably causes an accumulation
of contact stresses, such stress is a combination of compression and shear [15, 16] and can
typically reach 3 GPa [17]. In addition to stress accumulation, there may be temperature
increase and gradients across the stressed area, especially under non-ideal lubrication condi-
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tions. Kannel and Barber [18] have predicted temperature may rise from 56 ◦C up to 500 ◦C
after 1200 s rolling contact, caused by slippage between roller and race during rolling contact.
As a result, retained austenite decomposition will likely occur progressively due to localised
accumulation of temperature and/or stress, understanding of which requires knowledge on
both the thermal and mechanical stability of retained austenite. Whilst considerable amount
of evidence on retained austenite decomposition has been reported [11, 12, 13, 19, 20, 21, 22],
early studies are limited to conventional X-ray diﬀraction and microscopy techniques which
show only snapshots of the retained austenite transforamtion. A recent study [23] has re-
vealed the carbon redistribution path associated with the decomposition of retained austen-
ite using time-resolved synchrotron X-ray radiation, the study, however, focuses on retained
austenite decomposition at temperatures up to ∼200 ◦C, and under the application of a
constant tensile stress. The threshold temperatures for retained austenite decomposition,
transformation-induced strain and inﬂuence of substitutional alloying elements on retained
austenite stability are not fully understood. Also, retained austenite stability under cyclic
compression and material response are rarely reported.
The present work aims at investigating the stability of retained austenite upon increas-
ing temperatures and number of compressive stress cycles in two popular martensitic bear-
ing steel grades 100Cr6 and 100CrMnSi6-4, their chemical compositions are given in Ta-
ble 1. Whilst 100Cr6 is commonly employed for small to medium bearing applications,
100CrMnSi6-4 allows greater hardenability due to its relatively high Mn and Si contents and
can be utilised for medium to large components [24]. In the ﬁrst part of the work, the in situ
thermal stability of retained austenite whilst gradually increasing temperature is studied,
as well as its decomposition mechanisms and the associated transformation-induced strain,
Table 1: Initial chemical composition of steels (wt.%) as reported by the supplier.
Grade C Cr Mn Si Cu Ni Mo Al Fe
100Cr6 0.99 1.48 0.35 0.25 0.15 0.13 0.05 0.03 Bal.
100CrMnSi6-4 0.99 1.53 1.10 0.6 0.15 0.13 0.05 0.03 Bal.
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employing dilatometry and time-resolved high-resolution synchrotron X-ray radiation. The
study also highlights the inﬂuence of Mn and Si alloying elements on retained austenite
thermal stability. In the accompanying paper, cyclic compression is adopted to study its
mechanical stability and in situ material stress-strain response combining X-ray diﬀraction
and repetitive push testing, and interpreted in light of ﬁnite element method calculations.
2. Experimental
2.1. Heat treatments and microstructural investigation
Heat treatment consisting of austenitisation, two-step-quenching and tempering was per-
formed in an Adamel-Lhomargy DT1000 high-resolution dilatometer, with temperatures
monitored by a thermocouple attached to each specimen. Austenitisation was carried out by
heating to a selected temperature (Taus) at a rate of 1
◦C/s and subsequent holding at that
temperature for 30 min. Quenching to 70 ◦C and subsequently to 10 ◦C took place at rates
of −50 ◦C/s and −5 ◦C/s, respectively, with the specimens being held 5–10 min at such tem-
peratures. Tempering was then performed at 160 ◦C for 2 h with a heating rate of 1 ◦C/s
to reach such temperature followed by cooling at −5 ◦C/s to room temperature. 100Cr6
specimens were austenitised at 820, 860 and 900 ◦C, whilst 100CrMnSi6-4 were austenitised
at 800, 840 and 880 ◦C. This aims at obtaining retained austenite of identical chemical
driving force and the same phase quantity upon quenching in the two grades [25].
Metallographic characterisation was carried out using a Leica DM 2500M optical micro-
scope. All samples were mechanically ground using grit SiC papers progressively down to
2500, followed by ﬁne polishing on a napped cloth using 6 m and 1 m diamond paste, prior
to etching in 2% nital.
2.2. Dilatometry
Dilatometric experiments to examine retained austenite stability were performed in an
Adamel-Lhomargy DT1000 dilatometer. One sample was prepared for each test. Specimens
were rods of 2 mm diameter and 12 mm length. The martensitic specimens described in the
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previous section were subsequently heated to 350 ◦C at 0.05 ◦C/s and held for 20 min before
being cooled to room temperature at −0.05 ◦C/s.
2.3. Synchrotron
2.3.1. Experimental conﬁguration
Synchrotron experiments to examine retained austenite stability were performed on the
high-resolution powder diﬀraction I11 beamline [26] at Diamond Light Source (Didcot, UK).
The experiment was operated at the optimised energy of the beamline 15 keV, resulting
in a penetration depth of ∼22.8  m into the bulk material, in contrast to 4.25  m for a
conventional laboratory X-ray facility employing 8 keV Cu Kα radiation. The calculation of
the depths is given in the supplementary material. Prior to the experiment, the wavelength
and zero point (error in 2θ) was calibrated to be 0.826225 A˚ and -0.040379(1)◦, respectively,
using a standard Si sample. The default beam size of 0.5 mm vertical and 2.5 mm horizontal
was used. Data were collected by a position sensitive detector (PSD), which uses Mythen-2
Si strip modules with a slit width of 0.05 mm and allows time-resolved analysis.
Capillary samples of 0.5 mm diameter and 7 mm length were prepared for in situ syn-
chrotron studies. For obtaining such specimen, spheroidised bars were initially machined
and ground into a designed form shown in Figure 1a. This was done before heat treatment
for the ease of machining. The thick end with a diameter of 2.5 mm is required by the
dilatometer for conducting the heat treatments. The middle part with a diameter of 1.5 mm
is designed to prevent the sample from breaking during grinding or heat treatment. The
needle section was cut oﬀ as a capillary sample after heat treatment.
Each specimen was located at the tip of a quartz capillary tube with an internal diameter
0.5–0.7 mm, Figure 1b. The tube was then ﬁlled with glass powder to avoid sample wob-
bling, sealed with superglue and mounted on a brass holder, which was then horizontally and
magnetically attached onto a spinner equipped on the machine, allowing the sample to be
positioned in the illumination area, Figure 1c. This way, the sample is well isolated from the
brass holder which could either potentially generate impurity peaks in the diﬀraction spec-
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trum, or cause heat losses due to the high thermal conductivity if directly being attached to
the sample. The alignment of the sample to the beam position was adjusted under spinning,
using two cameras with built-in cross hairs, to ensure full time illumination during experi-
ment. Reference samples for each capillary sample were prepared for benchmark purposes,
and one sample with only glass powder in the tube was prepared to get a spectrum for the
sample holder.
Room temperature spectra were ﬁrst collected for all samples. Each sample was then
studied in situ under continuous heating using a Cyberstar hot-air blower. As shown in Fig-
ure 1d, samples were initially held at 130 ◦C for 10 min to ensure temperature homogeneity,
then heated up to 500 ◦C at 0.05–0.09 ◦C/s. Within such temperature range, the samples
were held at selected temperatures for 3 min to reach a steady state. They were then held at
500◦C for 5 min and cooled at the maximum achievable rate of 0.16 ◦C/s. Diﬀraction pat-
terns were collected at an exposure time of 30 s at selected points, marked as black diamonds
in Figure 1d.
Figure 1: Illustration of (a) preliminary sample preparation for obtaining capillary specimen, (b) capillary
sample assembling, (c) experimental setup at the I11 beamline, Diamond Light Source and (d) schematic of
the in situ synchrotron experimental procedure.
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2.3.2. Data analysis
Diﬀraction spectra were recorded directly as one-dimension (1-D) intensity versus
diﬀracted angle 2θ data. The room temperature spectra cover a 2θ range of 15–105◦, whilst
others were collected up to 70◦ as the hot air blower blocks part of the detector. Never-
theless, as least ﬁve peaks were detectable under 70◦ for each present phase. Spectra were
qualitatively and quantitatively analysed employing Bruker TOPAS c.4.2 via Rietveld reﬁne-
ment [27]. Crystallographic information ﬁles for ferrite, austenite, and Fe3C from Fruchart
et al. [28] were used for phase identiﬁcation. As-tempered martensite peaks were ﬁtted with
a body-centred cubic structure, they were referred to as ferrite (α) peaks in this study.
Lattice parameters of austenite and ferrite were obtained directly from Rietveld reﬁne-
ment, which considers the position of all peaks detected for each phase, and estimates the
lattice parameter for austenite and ferrite using Bragg’s Law:
2dhkl sin θhkl = λ (1)




h2 + k2 + l2
a2
(2)
where dhkl is the inter-planar distance between the hkl planes of atoms in the lattice; θ is
the Bragg angle at which there is a maximum in diﬀracted intensity; λ is the wavelength of
the incident beam; a is the lattice parameter for a cubic structure, and hkl are the Miller
indices.
Carbon concentrations were empirically determined from the lattice parameters, for fer-
rite, using Equation [23]:
aα(nm) = 0.28664 + 0.002CC + 0.000055CMn (3)
where 0.28664 nm is the room temperature lattice parameter for pure BCC-iron [29, 30].
Ci in wt.% is the chemical composition of the subscripted element; and for austenite via
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Equation [23, 31]:
aγ(nm) = 0.3556 + 0.00006CCr + 0.000095CMn + 0.00453CC (4)
where 0.3556 nm is widely considered to be the lattice parameter for pure FCC-iron [4].
The values for CCr and CMn were taken from kinetic calculations performed using Mat-
Calc v.5.52 [32] with thermodynamic database mc fe and diﬀusion database mc fe v2.001,
as summarised in Table 2. The detailed calculation method is reported in [25]. It was as-
sumed that CCr and CMn remain constant in all phases during quenching and tempering,
and were identical in the quenched and tempered martensite to its parent prior-austenite.
The eﬀect of Si is reported to be negligible on the austenite lattice [33, 34] and only causes
a small contraction of 0.00003CSi nm for ferrite [30]. It was therefore not considered for the
calculation. The impact of the other elements on the lattice parameter were considered to
be negligible due to their small contents.
Table 2: Concentrations (wt.%) of Cr and Mn in the austenite phase of heat-treated samples, calculated via
the MatCalc software.
100Cr6 100CrMnSi6-4
820 ◦C 860 ◦C 900 ◦C 800 ◦C 840 ◦C 880 ◦C
Cr 0.86 1.11 1.28 0.89 1.05 1.23
Mn 0.26 0.29 0.32 0.80 0.88 0.96
3. Results and discussion
3.1. Microstructure
Optical micrographs in Figure 2 show the microstructure of all samples after heat treat-
ment. Martensite and retained austenite matrix are present as dark and grey regions in the
micrographs, and cementite was identiﬁed as white particles. An increase in Taus promotes
the growth of prior-austenite grains and the dissolution and cementite, resulting in the ob-















Figure 2: Optical metallography showing the microstructure of heat treated 100Cr6 (a) Taus=820
◦C (b)
Taus=860
◦C (c) Taus=900 ◦C, and 100CrMnSi6-4 (d) Taus=800 ◦C (e) Taus=840 ◦C (f) Taus=880 ◦C.
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3.2. Phase transformations overview from dilatometry
Dilatometric curves for the continuous heating and cooling experiment are plotted for
100Cr6 and 100CrMnSi6-4 in Figure 3a and b, respectively. In both grades, a transforma-
tion event associated with an increase in strain was observed upon heating. It is present
consistently at around 250–300 ◦C for 100Cr6 samples and is located at comparatively high
temperatures for 100CrMnSi6-4 samples. Whilst it is evident in 100Cr6 samples that the
increase in strain weakened towards higher temperatures around 300 ◦C, as the slope be-
came near horizontal, the phenomenon is not observed in 100CrMnSi6-4 samples, possibly
due to the shift of the transformations to higher temperatures that were not covered in the
experiment. Then, holding at 350 ◦C results in similar reductions in strain for all samples,
which is likely associated with the precipitation of cementite. Upon cooling, no signiﬁcant
phase transformation was detected as the curves do not show inﬂexion points.
3.3. Reactions upon heating
Figure 4 gives the derivative of the heating range of each dilatometric curve for a closer
examination of the slope variation as a function of temperature. Considering that all slopes
have positive values, the derivative curve (plotted as scattered points) reﬂects a change in
slope of its parent curve, in a way that it rises when the slope of the parent curve becomes
more positive, falls as the slope became less positive, and remains constant when there is no
variation in slope. Based on variations in the derivative curves, about 5 reaction stages were
observed for 100Cr6 samples:
1. At temperatures below ∼160 ◦C, no phase transformations were expected and the strain
should only be inﬂuenced by the thermal expansion eﬀect. As a result, the derivative
curve changes linearly with temperature.
2. Between 160 and 225 ◦C, a slight drop in the derivative curves is observed. A similar
phenomenon has been reported upon tempering a hardened unalloyed high-carbon steel
by Pacyna [35], in which a contraction in strain was observed right before a dilatation
caused by retained austenite decomposition, and was associated with the precipitation
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Figure 3: Dilatometric curves showing strain variations as a function of temperature for (a) 100Cr6 and
(b) 100CrMnSi6-4; and (c) the strain diﬀerence ΔεT at temperatures between the heating and cooling
dilatometric curves. εRA, estimated transformation strain for retained austenite decomposition.
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Figure 4: Plots showing the dilatometric curve (solid line) of 100Cr6 samples austenitised at (a) 820 ◦C
(b) 860 ◦C (c) 900 ◦C and 100CrMnSi6-4 samples austenitised at (d) 800 ◦C (e) 840 ◦C (f) 880 ◦C upon
heating, and their corresponding derivative curve (scattered points) showing the change in the slope on the
dilatometric curve.
of transient carbides, mainly -carbide. The transition carbides were suggested to take
carbon from supersaturated martensite, and precipitate at tempering temperatures up to
200 ◦C [36, 37]. Indeed, Barrow [38] has shown the precipitation of -carbide in 100Cr6
after 0.25 h tempering at 160 ◦C.
3. Then, retained austenite decomposition is observed up to 275 ◦C as the derivative curves
increase sharply. The length change depends on the composition of austenite and the
transformed amount. It should be noted that austenite decomposition may sometimes
cause a net contraction when retained austenite is present at high carbon content, as
reported in [39] for superbainitic steel containing 1.2 wt.% carbon.
4. The sharp rise in the derivative curve is followed by a steep decrease, at approximately
275–300 ◦C. This implies that although the slope of the curve remains positive, it levels
up at elevated temperatures within the range. At this temperature range, the strain could
be inﬂuenced by three eﬀects:
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(a) Thermal expansion that leads to an increase in strain at elevated temperature. The
increment in strain, however, changes when there are microstructural alterations. In
this experiment, the decomposition of retained austenite results in a decrease in the
content of retained austenite, and an increase in ferrite content. The thermal expansion
coeﬃcient of ferrite, however, is low in comparison to that of retained austenite [23]. As a
result, the overall thermal expansion coeﬃcient decreases, causing decreasing increments
in strain.
(b) Continuous decomposition of retained austenite leading to a dilatation eﬀect. However,
such dilatation could fade gradually, as early decomposed retained austenite could re-
ject carbon into the surrounding retained austenite, increasing the stability of retained
austenite.
(c) Contraction [35] caused by cementite formation. This reaction might overlap with the
previous stages, as the formation of cementite in unalloyed high-carbon steels during
tempering initiates at ∼200 ◦C [35].
5. Above ∼300 ◦C, the derivative curves become steady again, which suggests the absence
of signiﬁcant further phase transformations.
100CrMnSi6-4 samples, by contrast, show only stage 1, 3 and 4 as described above,
Figure 4d–f. Whilst the absence of Stage 5 can be easily explained as being postponed to
higher temperatures, the reason for the missing Stage 2 requires information on the formation
of -carbide in 100CrMnSi6-4 martensitic bearing steels, which is rather limited in the open
literature. A possibility would be that the increased Si content retards -carbide formation;
possibly inhibiting it at this heating rate.
It is also noted that the peaks corresponding to Stage 3 and 4 in 100Cr6 samples are
much sharper, covering a narrower temperature range than those in 100CrMnSi6-4. The
approximate temperature range was measured by an onset temperature and an end temper-
ature illustrated in Figure 4a and d. For 100CrMnSi6-4 samples, only the onset temperature
was estimated, and the end temperature is above 350 ◦C for all samples. The temperature
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range was measured as a rough evaluation of retained austenite decomposition, it should be
noted that uncertainty for the onset and end temperatures can be caused when the retained
austenite transformation is overlapped with other transients. Nevertheless, 100CrMnSi6-4
shows a wider gap.
3.4. Phase transformation strains
The positive strain (εRA) caused by retained austenite decomposition was estimated by
extending the near linear part of the dilatation curve and measuring the maximum strain
diﬀerence between the extended curve and the dilatation curve, as demonstrated in Figure 3a.
The results are summarised in Table 3 and indicate that the magnitude of the strain is in
the order of 10−4 for all samples.
Table 3: Dilatometry measurements on the strain εRA caused by retained austenite transformation.
100Cr6 100CrMnSi6-4
Taus,
◦C strain (εRA) Taus, ◦C strain (εRA)
820 0.0001(1) 800 0.0002(1)
860 0.0002(1) 840 0.0003(3)
900 0.0002(3) 880 0.0003(5)
Another distinct phenomenon derived from Figure 3a and b is the strain diﬀerence (ΔεT )
between the heating and the cooling curves, as illustrated in Figure 3a. Measurements
for the strain diﬀerence as a function of temperature are shown in Figure 3c. Although
retained austenite decomposition causes expansion in sample length, most samples show
a net contraction following the implemented heating and cooling procedure, as the strain
values are negative. The contraction is mainly caused by Stage 4, which is not fully revealed
in 100CrMnSi6-4 samples; as a result, the contraction is less prominent in these samples
than in 100Cr6 samples. Also, a large contraction is observed in samples austenitised at low
temperatures, 800 ◦C for 100CrMnSi6-4 and 820 ◦C for 100Cr6, for instance. This can be
explained as the contraction being neutralised by an expansion caused by retained austenite
decomposition. Samples austenitised at lower temperatures have less retained austenite
than high Taus samples and thus have less neutralisation eﬀect. Due to this eﬀect, retained
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austenite decomposition can promote the strain stability of specimens by cancelling out the
contraction arising from Stage 4 in this particular case.
3.5. Phase evolution from synchrotron spectra
The evolution of the diﬀraction pattern at elevated temperatures for all samples is plotted
in Figure 5. Unfortunately, in situ spectra for the 820 ◦C sample were not obtained due to
sample holder failure. Data on this sample were thus based on diﬀraction patterns collected
from the reference samples and a trial scan. The decomposition of retained austenite has
been observed across all samples as the gradual disappearance of austenite peaks, the ﬁrst
ﬁve of which are labelled in the plot as γ111, γ200, γ220, γ311 and γ222.
For 100Cr6 samples (Figure 5a and b), the austenite decomposition was most evident from
300 to 350 ◦C. It was accompanied by a consistent increase in ferrite peak intensity, and the
subsequent development of cementite peaks which became visible from 350 ◦C onwards. Each
of the ferrite peaks appears to be symmetric across the spectra; and they became sharper
upon heating, likely due to the relief of residual stress. Also, a small bump appears at a 2θ
value right under 40◦ for all samples, and it became sharper at the elevated temperature, and
most prominent at 500 ◦C. As the peak is present at all temperatures and shows a severe
broadening, it is likely generated from ﬁne size temper carbides, which have been reported
to be elongated cementite of tens of nanometres in size [40], and are often present at grain
boundaries or inside martensite plates.
For 100CrMnSi6-4 samples (Figure 5c–e), unexpected austenite peak splitting has been
observed on 840 and 880 ◦C samples. For the purpose of this discussion, the low angle split
peak is denoted as γ, whilst its high angle counterpart is deﬁned as γ′. Whilst retained
austenite decomposition was observed as a decrease of the γ peaks on all 100CrMnSi6-4
samples, the presence of the γ′ is less understood, with an attempted interpretation presented
in Section 3.9. The reduction in the γ peak intensity became most evident at 350–400 ◦C,
in comparison to 300–350 ◦C for 100Cr6 samples. Similar to 100Cr6 samples, the ferrite
peaks increase as the retained austenite decomposes and cementite development became
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Figure 5: The evolution of synchrotron spectrum at elevated temperatures for 100Cr6 austenitised at (a)
860 ◦C and (b) 900 ◦C, and for 100CrMnSi6-4 austenitised at (c) 800 ◦C (d) 840 ◦C and (e) 880 ◦C. Note
that spectrum at 350 ◦C is not obtained for 880 ◦C due to an experimental failure.
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prominent at temperatures of ∼350 ◦C. Also, it is noted that ferrite peaks appear broader
for high Taus samples than those with low Taus, possibly due to the higher residual stress
generated during quenching. In addition to the broadening, each of the peaks obtained
from the high Taus samples appear to be less symmetric, likely due to the presence of non-
uniformly distributed dislocations or localised lattice distortion, and could also stem from the
BCT structure of martensite formed upon quenching. The peaks became sharper and more
symmetric at high temperatures which allows some relief of residual stress, redistribution of
carbon in martensite and dislocations. Moreover, the bump observed at 39–40◦ in Figure 5c–
e developed into several peaks corresponding to cementite peaks at 500 ◦C, most obvious
from the 820 ◦C sample, further supporting the assumption that the bump was a result of
ﬁne cementite particles.
Phase evolution was quantiﬁed via Rietveld reﬁnement and is plotted in Figure 6a–c
for 100Cr6 samples, and d–f for 100CrMnSi6-4. The room temperature austenite contents
were approximately 16 wt.%1 for both the 100Cr6 860 and 900 ◦C specimens, similar to the
100CrMnSi6-4 840 and 880 ◦C specimens. Whilst the 820 and 800 ◦C samples show relatively
lower retained austenite quantities, of 7 wt.% and 12 wt.%, respectively. For both grades
retained austenite remained stable until 200–250 ◦C, thereon reducing dramatically until
a full decomposition. The ferrite phase amount increased together with retained austenite
decomposition, reaching values up to 95 wt.% in some specimens. Cementite, in most cases,
remained stable at ∼4 wt.% from room temperature up to 350 ◦C, and it increased by
∼2–4 wt.% at higher temperatures. From 400 ◦C onwards, whilst about 3 wt.% retained
austenite was left in the 840 ◦C sample, complete decomposition was achieved on all other
specimens.
The onset and end temperature for retained austenite decomposition estimated from
synchrotron spectra show good agreement with the dilatometry results, as shown in Fig-
1Phase weight percentages are nearly identical to volume percentages for cementite, ferrite/tempered-
martensite and austenite as the densities of these phases are nearly the same.
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Figure 6: The evolution of the phase quantities of (a) austenite (b) ferrite and (c) cementite in 100Cr6, and
(d) austenite (e) ferrite and (f) cementite in 100CrMnSi6-4. Retained austenite fractions for peak splitting
specimens were determined from the γ peaks. Errors are standard deviation of multiple ﬁtting results. The
room temperature data for the 820 ◦C specimen was determined via a trial scan and a magnetic saturation
measurement on the retained austenite content. RA refers to retained austenite.
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ure 7a. A signiﬁcant variation of at least 50 ◦C in the end temperature between the two
grades was prominent, implying that higher energy is required to fully decompose retained
austenite in 100CrMnSi6-4 compared to 100Cr6. A possible reason could be that the high Si
content in 100CrMnSi6-4 retards retained austenite decomposition by inhibiting cementite
precipitation [41].
Figure 7: (a) Dilatometry (data points) and synchrotron (coloured sections) values for the onset and end
temperature of retained austenite decomposition; and (b) derivative curves showing the shift of Td point
to high temperature for high Taus samples Note that data on the dashed line were estimated to be above
350 ◦C, but an exact temperature was not observed as 350 ◦C was the highest temperature reached.
In addition, it is noticed that cementite development was more prominent at the low Taus
sample than the high Taus sample in both grades. Dilatometry results (Figure 7b) show that
the temperature Td corresponding to the initial drop after retained austenite decomposition
in the derivative curves shifts to high temperature for high Taus samples, suggesting that
the precipitation and growth of cementite in high Taus samples could be delayed to high
temperatures.
It is concluded that retained austenite in 100Cr6 and 100CrMnSi6-4 martensitic bearing
steels is thermally unstable at elevated temperatures. At a heating rate of approximately
0.05 ◦C/s, its decomposition initiates at temperatures between 200 and 250 ◦C for both ma-
terials, and continued until retained austenite fully decomposes. A complete decomposition
was achieved at the temperature range of 300–350 ◦C for 100Cr6, and it is retarded to a
higher temperature range of 350–400 ◦C for 100CrMnSi6-4. The decomposition is accom-
panied by an increase in ferrite and cementite contents. Also, it is worth noticing that the
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decomposition of the unstable retained austenite could be completed in less than 1 h at this
heating rate.
3.6. Room temperature lattice constants and carbon contents
Table 4 and Table 5 give the initial lattice parameters and carbon concentrations for
retained austenite and tempered-martensite measured from spectra collected at room tem-
perature. For 100Cr6, the retained austenite lattice parameter was greater for the sample
austenitised at 900 ◦C (0.3595(6) nm) than 860 ◦C (0.3590(5) nm), Table 4. The values are
consistent with the literature [23], in which 0.35951 (900 ◦C) and 0.35892 nm (860 ◦C) were
reported. Similarly, the tempered-martensite lattice expanded at the increasing Taus, and
has values in good agreement with reported values of 0.28706 nm (860 ◦C) and 0.28718 nm
(900 ◦C) [23]. The carbon concentration increases consistently with the expanding lattices,
appearing higher in phases obtained at high Taus than low Taus. An increase of Taus from
860 ◦C to 900 ◦C has yielded about 0.1 wt.% increase in the carbon concentration for both
phases.
100CrMnSi6-4 samples appear to have similar lattice parameters and carbon concentra-
tions to 100Cr6 samples austenitised at 20 ◦C higher in the ranges 0.3588(6)–0.3593(9) nm,
and 0.69–0.81 wt.%, respectively, as shown in Table 5. The lattice constant of tempered-
martensite, although appears to be constant regardless of Taus, has values (0.2870 nm) com-
parable to 100Cr6. In contrast to retained austenite, the carbon content in the tempered-
martensite is low, ranging 0.1–0.2 wt.% for all samples.
Table 4: Room temperature lattice parameters and carbon contents prior to the in situ experiments for
100Cr6.
Taus,
◦C 820 860 900
Retained austenite lattice (nm) - 0.3590(5) 0.3595(6)
Tempered-martensite lattice (nm) 0.2867(0) 0.2869(7) 0.2871(1)
C content in retained austenite (wt.%) - 0.74 0.85
C content in tempered-martensite (wt.%) 0.02 0.16 0.24
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Table 5: Room temperature lattice parameters and carbon contents prior to the in situ experiments for
100CrMnSi6-4.
Taus,
◦C 800 840 880
Retained austenite lattice (nm) 0.3588(6) 0.3589(4) 0.3593(9)
Tempered-martensite lattice (nm) 0.2870(6) 0.2870(4) 0.2869(0)
C content in retained austenite (wt.%) 0.69 0.70 0.81
C content in tempered-martensite (wt.%) 0.19 0.18 0.10
3.7. In situ carbon content and lattice evolution
During the in situ experiment, shifts of peak positions were observed as a result of lattice
dimensional changes under continuous heating. An expansion in the austenite or ferrite
lattice results in a cooperative shift of its peaks to lower angles. The measured evolution
of lattice parameters for austenite and ferrite is given in Figure 8. Both austenite and
ferrite expand with increasing temperature. The lattice variations, however, are the result
of two inﬂuences: thermal expansion and the redistribution of solute atoms. The former
causes lattice dilatation upon continuous heating; its magnitude is determined by the thermal
expansivity of the material. The latter could result in either shrinkage or expansion of the
lattice, depending on the type of solute and its redistribution path. Whilst substitutional
alloying elements have much lower diﬀusivity in austenite, for instance, ranging from 10−29
to 10−31 m2s−1 at 300 ◦C in comparison to a carbon diﬀusivity of 8×10−19 m2s−1 [42], and
have a moderate eﬀect on the lattice owing to their low concentration, its eﬀect on the
lattice variations was assumed negligible. The eﬀect of carbon on the lattice variations was
estimated by subtracting the thermal expansion eﬀect from the experimentally measured
values. The redistributed carbon concentration in the tempered-martensite and austenite











where aα(E) is the experimentally measured lattice parameter for ferrite; aα(T ) is the fer-
rite lattice parameter under pure thermal expansion eﬀect; aγ(E) and aγ(T ) are those for
austenite. 0.002 and 0.00453 are the factors for carbon shown in Equations 3 and 4. All
lattice values are in nanometres in these equations.
Figure 8: Evolution of lattice parameters for (a) austenite in 100Cr6 and (b) 100CrMnSi6-4; (c) ferrite in
100Cr6, and (d) 100CrMnSi6-4. The dashed curve in each plot is the estimated lattice change under pure
thermal inﬂuence estimated using Equation 7. Error bars are standard deviation of multiple ﬁtting results,
and those smaller than the data markers are invisible.
Under 160 ◦C, no phase transformation was detected from the synchrotron experiments.
It is then expected that phase lattices expand solely under thermal eﬀects, which can be
expressed as a function of temperature in a quadratic equation [23]:
a(T ) = AT 2 +BT + C (7)
The lattice parameters obtained at 25, 130 and 160 ◦C were ﬁtted quadratically, with
the ﬁtting parameters A, B and C listed in Table 6. The ﬁt curves show the prediction of
lattice changes under pure thermal eﬀects, and examples are displayed in Figure 8 for each
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plot. It is observed that the lattices deviate from the ﬁtting curves at high temperatures
for both phases. Whilst retained austenite lattices deviates from the dashed line to high
values, ferrite lattices go below the dashed line, as observed by comparing Figure 8a and b
to Figure 8c and d.
Table 6: Fitting results of parameters A, B and C for Equation 7 to describe lattice parameter variations of
the corresponding phases.
Retained austenite ﬁtting Ferrite ﬁtting
SampleA (×10−9)B (×10−6) C A (×10−9)B (×10−6) C
860 ◦C −5.9965 6.7390 0.35884 0.3175 3.2746 0.28689
900 ◦C 0.3527 6.2310 0.35940 0.3880 3.1875 0.28703
800 ◦C −12.346 7.2469 0.35869 −0.7055 3.5379 0.28970
840 ◦C −4.2304 6.5474 0.35878 0.8818 2.9109 0.28697
880 ◦C −2.1164 6.6138 0.35918 0.0247 3.4028 0.28681
The evolution of carbon concentration upon heating in austenite and ferrite is shown in
Figure 9, the errors were determined from multi-measurements of the experimental lattice
parameters. The carbon present in retained austenite remained stable at temperatures below
160 ◦C, and increased to a maximum of 0.85–0.90 wt.% until retained austenite fully decom-
posed. The increments in carbon content in weight percentage are 0.13 (860 ◦C) and 0.04
(900 ◦C) for 100Cr6; 0.27 (800 ◦C), 0.13 (840 ◦C) and 0.12 (880 ◦C) for 100CrMnSi6-4. On
the contrary, the carbon in the ferrite continuously decreased with increasing temperature.
3.8. Thermal expansion coeﬃcients
The mean coeﬃcients of linear thermal expansion αm of the heat-treated materials from








where L0 is the initial length of specimens at room temperature, ΔL and ΔT are the changes
in length and temperature, respectively. The results are summarised in Table 7, αm of
about 14×10−6 K−1 is yielded for the mixed microstructure of tempered martensite, retained
austenite and cementite of the heat-treated samples.
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Figure 9: The evolution of carbon concentration for austenite in (a) 100Cr6 and (b) 100CrMnSi6-4, and for
ferrite in (c) 100Cr6, and (d) 100CrMnSi6-4. Error bars are standard deviation of multiple results.
Table 7: Mean coeﬃcients of linear thermal expansion derived from ASTM E228 [43], from room tem-
perature to 150 ◦C temperature range for the heat-treated specimens. Errors are estimated from multiple
measurements at a temperature range of ±5 ◦C.
Sample αm, ×10−6 K−1 Sample αm, ×10−6 K−1
820 ◦C 14.0±0.05 800 ◦C 14.3±0.05
860 ◦C 14.0±0.04 840 ◦C 14.2±0.15
900 ◦C 15.0±0.04 880 ◦C 13.8±0.21
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Also, Table 8 summarises the room temperature thermal expansion coeﬃcient for austen-
ite and tempered-martensite phases, estimated via Equation 9 [44]. Results are consistent
with the published values of 18.1×10−6 and 12.6×10−6 at 20 ◦C for austenite and ferrite,
respectively [23]. Additionally, the experimentally determined thermal expansion coeﬃcients
of the bulk shown in Table 8 are in line with the rule of mixtures for a mixed structure of








where αT is the instantaneous coeﬃcient of thermal expansion at temperature T , the lattice
constant a is a function of temperature T , as expressed in Equation 7.
Table 8: Thermal expansivity at 25 ◦C calculated from Equation 9.
αT at 25
◦C (K−1)
Sample Retained austenite Tempered-martensite
860 ◦C 17.9×10−6 11.5×10−6
900 ◦C 17.4×10−6 11.2×10−6
800 ◦C 18.5×10−6 12.2×10−6
840 ◦C 17.7×10−6 10.3×10−6
880 ◦C 18.1×10−6 11.8×10−6
Average 17.9×10−6 11.4×10−6
3.9. Peak splitting
In our experiment, austenite peaks in some cases appeared in pairs, Figure 5d and e. The
splitting phenomenon has been ascribed in few reports [42, 45] to the presence of retained
austenite of diﬀerent carbon contents or morphologies (ﬁlm and block). Nevertheless, the
peaks in this study are much more separated compared to the earlier observations in the
literature.
The inﬂuence from the sample holder can be ruled out for such phenomenon, as all
samples are assembled in a standard way, whilst only certain samples show the splitting of
austenite peaks. Also, these samples have been moved away after the room temperature
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scans, and then placed back for the in situ experiment. The fact that other spectra collected
in between these experiments show no appearance of peak splitting suggests that the splitting
peaks were likely a result from the specimens. Moreover, the fact that the splitting peaks
are well-formed with a good number of data points, suggesting that the associated phases
are not an artifact. In addition to that, the splitting peaks appear on spectra collected at
room temperature prior to the in situ experiment and thus are not a consequence of the
in situ experiment.
It is observed that the peaks diﬀer from not only the peak position, but also the peak
intensity and shape:
• The γ′ peaks have relatively lower intensity than the γ peaks, and could account for an
extra austenite amount of 9.5±0.7 wt.% and 5.7±0.7 wt.% in the 840 ◦C and 880 ◦C
samples, respectively. More importantly, whilst γ peaks appear unstable and reduced in
intensity upon heating, γ′ peaks appeared to be thermally stable at temperatures up to
500 ◦C.
• Whilst γ yields room temperature lattice constants of 0.3589(4) nm and 0.3593(9) nm for
the 840 and 880 ◦C samples, respectively, γ′ has unexpectedly small lattice parameters of
0.3537(1) nm and 0.3538(3) nm, which are smaller than the reported lattice parameters
of 0.3556 nm [4] for pure FCC-iron. The exact reason for this remains unclear, but it is
noticed in the literature that lattice parameters could have an uncertainty of the order
of magnitude of 10−3 nm, for example, the lattice for pure FCC-iron has been reported
to be 0.3556 nm [4], 0.35669 nm [46] and 0.35780 nm [42]. Another possible reason for
the extremely small lattice parameter of γ′ is that the peaks shift to high angles as a
result of grains being strained compressively [47]. Moreover, the addition of Si could
contract further the austenite lattice. Nevertheless, the diﬀerence in lattice parameters
could suggest the presence of austenite of diﬀerent carbon contents.
• The γ peaks are broader than γ′ peaks, as a broadening eﬀect2 from either small crystallite
2Instrumental broadening, which was measured to be 0.03◦ from the full width at half maximum of peaks
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size or the presence of non-uniform microstrain, or a combination of both factors. Also,
γ′ peaks appear to be less symmetric, possibly due to the presence of internal stress or
dislocation structures within the grains. These, could further contribute to the diﬀerent
stabilities of the splitting peaks upon heating.
4. Conclusions
This work examines austenite stability at continuous heating up to 500 ◦C at ∼0.05 ◦C/s
for martensitic bearing steel grades 100Cr6 and 100CrMnSi6-4. Strains associated with
austenite transformation were revealed by diltometry. The transformation mechanisms, as
well as evolution in the phase contents, lattice constant and carbon content at elevated
temperature were in situ investigated via synchrotron. The results are compared for the two
grades of diﬀerent Mn and Si contents, with key results summarised as below:
• Retained austenite in both 100Cr6 and 100CrMnSi6-4 martensitic bearing steels is unstable
upon heating. The transformation initiates at approximately 225 ◦C for both grades, whilst
there is large variation in their end temperature, which ranges 300–350 ◦C for 100Cr6, and
350–400 ◦C for 100CrMnSi6-4. This implies that retained austenite in 100CrMnSi6-4 is
more thermally stable than that in 100Cr6 and thus requires higher energy or time for
full decomposition. Also, once suﬃcient temperature has been reached, the complete
decomposition of retained austenite could take less than an hour.
• The decomposition of retained austenite upon heating was observed to be accompanied by
an enrichment of carbon in the austenite phase. At the same time, there was an increase
in the tempered-martensite/ferrite phase with a reduction in its carbon content. The
development of cementite was detected only above 300 ◦C.
• The transformation of retained austenite upon both heating and cooling results in an
expansive strain in the magnitude of 10−4. Such strain can be neutralised by contrac-
collected from a standard Si sample, is neglected as being an order of magnitude lower than that of the
collected peaks.
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tions occurred at high temperatures (> ∼300 ◦C) caused by reactions such as cementite
precipitation.
• In some cases, the austenite exhibited pairs of peaks γ and γ′, the reason for which has
yet to be established, but could be related to diﬀerences in solute content. In spite of
peak position, the pairs of peaks also diﬀer in peak shape and peak stability, suggesting γ
and γ′ of diﬀerent structures and thermal stabilities. However, the abnormal small lattice
parameter measured for γ′ needs further explanation.
• The mean coeﬃcient of linear thermal expansion for all 100Cr6 and 100CrMnSi6-4 samples
was about 14×10−6 K−1, for the temperature range covering room temperature to 150 ◦C.
The respective thermal expansivities at 25 ◦C for austenite and tempered-martensite were
approximately 17.9×10−6 K−1 and 11.4×10−6 K−1.
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